A mutant of wild-type Streptococcus sobrinus 6715-13 has been isolated which resists aggregation by exogenous dextran. This variant is able to form adherent plaque deposits in vitro when cultured in the presence of sucrose and has dextranase activity. In these respects it is the complement of previously described isolates which are plaque formation defective but aggregation normal. Measurements of the incorporation of glucose from glucosyl-labeled sucrose into glucan by cell-associated glucosyltransferase enzyme activity and the thermal labilities of catalytic and receptor functions, as well as the binding of labeled dextrans to the cells, provide evidence that neither dextranase nor glucosyltransferase is the receptor involved in dextran-induced aggregation. Bloctkage of such bactenal aggregation by anti-glucosyltransferase or anti-dextranase sera suggests crossreactivity between the antigenic determinants of proteins which recognize a(1-6) glucan linkages. A model is proposed, consistent with these and previous findings, in which enzymatic function precedes dextran receptor activity in emergence from the cell. It is also proposed that dextran receptor components of the multireactive glucosyltransferase enzyme(s) and dextranase(s) are spatially separate from, although functionally and antigenically related to, the receptors on the bacterial surface involved in dextran-induced aggregation.
Multisurface cariogens of rodents, primates, and humans, collectively called Streptococcus mutans, comprise at least four species (6) , bind exogenously supplied, preformed a(1-6) linkagerich glucan (dextran) in vitro, and, as a result, aggregate or agglutinate into cohesive, macroscopic clumps. This phenomenon, which varies with both species and glucan, was described by Gibbons and Fitzgerald (15) and studied and confirmed by others (23, 24, 39) . Guggenheim and Schroeder (19) have previously reported the rapid clumping of S. mutans OMZ176 cells when they were exposed to sucrose in vitro, and recent reports describe a dextran-binding lectin found both in the culture medium and associated with the bacterial cells (25, 36) . By using mutants, the two phenomena, dextran-mediated aggregation and sucrose-dependent de novo synthesis of glucans leading to bacterial clumping and plaque formation, were shown to be dissociable processes (12) . Aggregation apparently requires a cell surface receptor capable of recognizing and binding dextran, whereas glucan synthesis depends on the function of catalytically active glucosyltransferase enzyme(s) [GTF(s)], either cell surface associated, extracellular, or both. This report describes studies with a mutant of Streptococcus sobrinus 6715-13 which showed defective dextran recognition and binding and hence failed to aggregate, but which had normal glucan synthesis and degradation functions. This mutant is, therefore, complementary to the glucan synthesis-defective, non-cariogenic variants described previously (12, 40) .
DEXTRAN-INDUCED AGGREGATION IN S. SOBRINUS 265
exponential-phase cultures were treated with nitrosoguanidine (1, 12) at levels yielding at least 90% survival. Initial mutant enrichment was effected by exposing mutagenized cells during growth to commercial a(1-6)-linked linear glucan (2 x 106 molecular weight; Sigma) at approximately 0.1 mg/ml. Aggregation-competent WT cells cohesively clumped or aggregated and settled to the bottom of the culture tube during growth, whereas putatively aggregation-defective mutant cells remained in suspension. Cultures were started from such suspended microbes after brief sonication to disrupt chains (Branson W125 sonicator; short horn, output 2.5 for 15 s). Culture passages in the presence of dextran were repeated at least four times, whereupon cells still in suspension were sonified and spread on mitis salivarius agar supplemented with 200 p.g of streptomycin sulfate per ml, to which the parental strain is resistant. Individual colonies were picked to tubes containing fluid thioglycolate medium and further screened to verify the normalcy of selected cariesassociated traits other than dextran-induced aggregation. Mutant Agg-18, among others, was so isolated and characterized. Plaque formation-defective mutants of S. sobrinus 6715-13, denoted 4 and 33 (12, 40) , were also used; the WT and all mutants were lyophilized for storage.
Cell preparation and aggregation assays. 25 ,ul in microtiter plates, were exposed for 2 h to serial 1:2 dilutions of previously described antisera (4) against the partially purified GTF(s) that forms predominantly insoluble, a(1-6)-rich dextran. The cells were centrifuged in the microtiter plates, the supernatant serum was drawn off by aspiration, the bacterial pellet was washed several times in DSA, and the cells were finally suspended in DSA to the initial volume of 25 ,ul for exposure to dextran. Antiserum was also produced against the bacterial endohydrolytic glucan hydrolase (E.C. 3.2.1.11, dextranase) (16, 17) . The antigen was purified >5,500-fold by hydroxyapatite, column, and ion-exchange chromatographies and characterized by isoelectric focusing. Although a trace of GTF activity persisted, the antiserum did not block glucan synthesis. Also, serum against whole, UV light-killed WT cells was secured by intravenous injection of 1010 bacteria per ml in incomplete Freund adjuvant into New Zealand white rabbits. Rabbits were boosted every 3 days, and sera were heat inactivated (56°C, 30 min). When required, antisera were absorbed five times with equal volumes of WT thoroughly mixed, trapped by vacuum on filter paper strips with an automatic cell harvester (Flow Laboratories), and washed extensively either with water for quantitation of water-insoluble glucan synthesis or with methanol for quantitation of total glucan synthesis. The efficiency of this system was verified with isotopically labeled, low-molecularweight dextran, and the background from unincorporated sucrose was measured and taken into account. Labeled precursor incorporation into polymer was measured by liquid scintillation spectrometry.
Other assays. Glucose was measured as glucose oxidase-positive material in neutralized, buffered (0.3 M KPO4, pH 7) hot acid hydrolysates (4 N H2SO4, 100°C, 2 h) of purified glucans (10) . Cell DNA was measured by the Burton diphenylamine procedure (5), with calf thymus DNA serving as standard. Glucan linkage analysis was conducted by gas chromatographic separation of methyl derivatives of glucose (2, 10) . The presence of dextranase was visualized by polyacrylamide gel electrophoretic separation (7) of culture medium; the stacking gel was omitted. Cell-free culture supernatants, adjusted to pH 7 and 0.02% sodium azide, were concentrated >1,000-fold with, sequen-VOL. 41, 1983 Figure 1 compares the dextranase activity patterns of Agg-18 and WT on polyacrylamide gels containing blue dextran substrate. Both cell types produced multiple bands of clearing when the concentrated media from cultures were compared. Incubation of culture medium concentrates with sucrosq to remove GTF(s), via its being trapped by their glucan products (26, 35) , caused no appreciable change in the electrophoretic pattern of dextranase activity. Thus, both mutant and WT produced essentially similar dextranase activity bands in both the presence and absence of GTF activity. (Fig.  2e) .
Direct bacterial aggregation of WT and Agg-18 by dilutions of antisera against whole, UV light-killed WT cells showed a persistent two-to fourfold difference, which reinforced the results in Fig. 2d and e of a surface dissimilarity between WT and the mutant (unpublished observations).
Dissociation of in situ glucan synthesis from dextran binding. Evidence that the cell-surface entity involved in dextran-mediated aggregation is not cell-associated GTF(s) is given in Table 3 .
Bacterial culture in the presence of traces of sucrose increased the amount of cell-associated GTF(s) (21, 38 Response of GTF function and dextran binding to heat. The apparent difference between enzymatic and receptor functions on the bacterial surface was also demonstrated by their differing thermal labilities in the WT strain. The decrease in cell-associated GTF catalytic activity with increasing time of exposure to 100°C was paralleled by a decrease in sucrose-induced aggregation (Fig. 3) . This results from the inactivation of de novo glucan synthesis by the cell-associated GTF(s). However, dextran receptor function (Fig. 4) , in distinction to GTF catalytic activity, was stable over the time period studied when measured both by the binding of low-molecularweight, 14C-labeled dextran to the cells and by the binding of high-molecular-weight dextran which led to aggregation.
DISCUSSION
The findings reported in this paper indicate that neither dextranase nor cell-associated GTF is the entity involved in the dextran-mediated aggregation of S. sobrinus 6715-13, a serogenetic group IlIg representative of the mutans streptococci. Furthermore, it appears that there are common antigenic determinants among three bacterial traits involving dextran: (i) its synthesis, (ii) its cleavage, and (iii) its binding to the cell surface in aggregation (Fig. 2b and c) . Mutant Agg-18 had both dextranase and GTF activities measured qualitatively and quantitatively ( Fig. 1 and Table 3 ) but was significantly reduced in its binding of exogenous high-molecular-weight linear dextran, which led to the clumping of its WT progenitor (Table 2 ). This conclusion was further supported by experiments indicating a difference in antibody absorptive capacity between WT and Agg-18 cell surfaces ( Fig. 2d and e) . These different but modest absorptive efficiencies may result from the fact that the cells possess many surface antigens, whereas the sera were produced in response to specific excreted enzymes. However, the mutant consistently showed fewer surface antigens associated with dextran recognition and binding, albeit these represent only a fraction of the antigens on the cell surface. The electrophoretic separation of dextranase activity showed grossly similar patterns of multiple clear bands in blue dextran-containing gels (Fig. 1 ). The differences in activity and position of minor bands were generally within the range of replicate experiments. Although it is possible that the bacterium genetically codes a unique glucanase for each of approximately 20 activity bands, there is evidence that glucan synthesis/degradation/binding proteins frequently copurify (17, 25) . Therefore, S. sobrinus glucanase(s) could undergo either postsynthetic modification or association to provide multiple bands.
The precise molecular nature of the defect in Agg-18 is not known but need only be a missing or defective receptor or the failure of the receptor to remain in transient cell association. Because a nonenzymatic protein from Agg-18, which behaves on polyacrylamide gel like WT lectin, has been recovered from affinity columns (M. M. McCabe, personal communication), and because reconstitution experiments with WT extracts containing receptor activity did not restore the ability of Agg-18 to aggregate (unpublished observations), it appears that the mutant may well be defective in its ability to retain the receptor in functional association with the cell surface. Electron micrographs of sucrosecultured WT and mutant reveal that extracellular, fibrillar mutan is in intimate association with the surface of Agg-18, but lies at some distance from the surface of WT. (19; M. Freedman, S. Tanzer, E. Swayne, and G. Allenspach-Petrzilka, Proceedings of the Conference on Glucosyltransferases, Sucrose, Glucans, and Dental Caries, in press).
It has been suggested that cell-associated GTF(s) may be the glucan receptor involved in dextran-mediated aggregation (15, 38) and that among the GTF isozymes of the mutans streptococci there may exist a continuum of catalytic activities inversely correlating with the dextranbinding abilities of the same molecules (25) . Others have indicated that it is unlikely to expect the existence of a mutant defective in dextran-induced aggregation but proficient in plaque glucan synthesis (14) . Cell-associated dextranase, because of its substrate specificity, may also be advanced as the glucan receptor. Recently, precise polyacrylamide gel electrophoretic separation and characterization of extracellular GTF enzymes, dextranase, and glucan-binding lectins has shown the separability of these entities (M. M. McCabe, personal communication) (25) . Thus, the alternative view is that glucan polymer biosynthesis is functionally, spatially, and molecularly distinct from glucan polymer recognition and binding to the bacteria (12, 23, 24, 27, 33) .
Prior work with mutants (12) has indicated the genetic and phenotypic distinctness of these traits, although recent work has made it clear that their functional localization on the bacterial surface and their common involvement with synthesis, degradation, and binding of glucan polymers can lead, frequently, to multiple defects (8) , even when single-site mutagens are used (31) . Agg-18 differs little from WT in two major respects: GTF and dextranase function assayed both qualitatively and quantitatively.
Although it is impossible to state that there are no other defects which might manifest themselves under, e.g., altered nutritional or growth conditions, the single most glaring deficiency is in dextran binding by this mutant.
The sensitivity of aggregation to blockage by antisera against the multiple GTF enzymes which synthesize a(1-6) linkage-rich polymers and by antisera which inhibit dextranase activity (Fig. 3) might be taken to indicate that either or both of these proteins function as glucan receptors in dextran-induced aggregation. This does not seem to be the case, however, because (i) glucan synthesis-defective mutants aggregate as do dextranase-defective mutants, and because (ii) Agg-18 has both dextranase and GTF functions. Direct quantitation of cell-associated GTF catalytic activity and dextran-binding capacity
show that an alteration of one need not significantly affect the other (Table 3) . Also, the thermal labilities of catalytic and receptor functions differed dramatically in several assay systems ( Fig. 3 and 4 ). There remains, also, a consistent difference in the abilities of the mutant and WT to absorb antibodies against diverse cell-surface determinants in addition to dextranase(s) and GTF(s). Thus, all these observations indicate that there are multiple dextran receptors on the cell surface and that the receptor involved in the aggregation phenomenon is different from the receptor(s) involved in glucan synthesis or hydrolysis.
Burckhardt and Guggenheim have drawn attention to the fact that the glucan synthetic system of the mutans streptococci comprises multiple, multiply reactive molecules with apparent sites for substrate, product, and diverse effectors (4). Phospholipids, for example, have been shown to modify glucan synthesis (22, 37) . Therefore, the antisera used for this study need not have been monospecific and certainly contained polyclonal antibodies against catalytic and receptor determinants on GTF(s) and receptor molecules. The utility of a mutant such as Agg-18, which apparently has normal GTF(s) and dextranase phenotypes, is that specific antibodies can be detected which block dextranmediated aggregation. Thus, the antisera may be characterized by a functional inhibition assay by using WT and the nominally monospecific mutant Agg-18.
There appears to be a common factor which explains why antisera against GTF(s) which synthesizes a(1-6) linkage-rich glucan and against dextranase(s) which cleaves a(1-6) linkages both block bacterial aggregation by exogenous dextran: the specificities of the antibodies for enzyme sites which recognize linear arrays of a(1-6)-linked glucose residues. The evidence that these diverse enzymes bind such glucan linkages is both indirect (the effect on glucan synthesis of exogenous dextran [13, 29] ) and direct (the recovery of GTF activity, dextranase, and lectin from dextran affinity matrices [11, 28, 36] We should like to advance a model for the structure and emergence from the bacterium of the enzymes and receptors associated with dextran, one which is consistent with the majority of the data presented thus far. In Fig. 5a , the four principle moieties are (i) the GTF(s) which synthesizes, predominantly, dextran, (ii) the GTF(s) which forms the insoluble mutan polymers In Fig. Sb, we propose that the enzymes emerge with their catalytic sites first exposed or active, thus providing cell-associated GTF activity separate from receptor activity, and with the observed differences in thermal stability. GTF(s) and, possibly, dextranase(s), once shed from the cells, could then act in concert on the substrate, sucrose, to form the huge, highly branched polymers of the plaque matrix. Thus, the extracellular enzymes could serve as cross-linkers of glucan, between catalytic and receptor sites as proposed (4, 14) , although a separate GTF with branching activity has recently been described (43) . The cell-surface receptors may augment binding of the bacteria to the enmeshing glucans but are clearly not required for plaque formation. Dextran-induced aggregation in vitro does not, in fact, mirror adhesive plaque formation, although some elements, e.g., cell binding to particular glucan linkages, may well occur in plaque. Figure Sc details 
